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A SIMPLE SOLAR MICROWAVE BURST OBSERVED

WITH HIGH SPECTRAL RESOLUTION

DALE E. GARY and G. J. HURFORD

Big Bear Solar Observatory, California Institute of Technology

ABSTRACT

Many solar microwave bursts exhibit multicomponent spatial and spectral structure,
which complicates efforts to determine source parameters from their radio emission.
We analyze a small (SN/C1.0) flare that occurred on 1986 February 3, dominated
by a single, homogeneous source. High spectral resolution observations of this
event with the Owens Valley frequency-agile interferometer therefore provide the
clearest opportunity to date to apply theoretical spectral models to a microwave
burst. Based on the microwave spectra, we find that the burst was dominated by
a compact, thermal source. The sequence of such spectra, obtained every 10 s,
showed that the source expanded with time during the burst, starting with a (one-
dimensional) size of 4 arcsec, enlarging to -12 arcsec in <2 minutes. During the
same period, the electron temperature decreased from a high of 7.1 x 10 T K to <10 7

K. Comparison with GOES soft X-ray data suggests that the density increased by
at least an order of magnitude during the burst. The magnetic field strength was
found to be -770 G. To apply these techniques to typical, more inhomogeneous
flares, future observations are needed that achieve better imaging capability while
retaining high spectral resolution.

Subject Headings: Sun : radio radiation - Sun : X-rays - Sun : flares -

Sun : corona - Sun : structure
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I. INTRODUCTION

The bulk of the emission generated in the microwave region of the solar radio
spectrum is due to incoherent continuum radiation from electronF accelerated in
the solar corona. The spectral characteristics of this continuum emission have been
well studied for a variety of emission mechanisms and electron energy distributions
(e.g., Ramaty 1969; Takakura and Scalise 1970). Recent work has centered around
simplifying the often complicated expressions for ranges of validity important for
solar emission (Dulk and Marsh 1982; Robinson and Melrose 1984; Dulk 1985). The
spectra one obtains from these expressions are strictly valid only for homogeneous
sources, i.e., ones in which the plasma and electron parameters do not vary
appreciably within the source.

In the literature one finds reports that observed spectra do not fit the
theoretically expected spectra from homogeneous sources. Total power spectra,
those without spatial resolution, are often flatter than expected, presumably due
to gradients in density, magnetic field, etc., within the source (Dulk and Dennis
1982; Crannell et al. 1988). For some bursts, part of the problem may lie in
the use of observations at a small number of widely spaced frequencies to define
the spectrum (see Stihli, Gary and Hurford 1988). However, burst observations
with good spectral coverage show other evidence of inhomogeneity, such as multiple
spectral components (Stghli, Gary and Hurford 1988; Gary and Hurford 1988).
Imaging data at multiple frequencies with the VLA sometimes show multiple spatial
and spectral components as well (Shevgaonkar and Kundu 1985; Dulk, Bastian,
and Kane 1986). The conclusion is inescapable that many solar bursts arise from
inhomogeneous and/or multiple sources.

This complexity complicates the quantitative application of microwave theory
to typical bursts. The purpose of this paper is to compare theoretical spectra with
high spectral resolution observations of a particularly simple burst. In Section II, we
demonstrate the simple nature of the burst by examination of its spectral, spatial,
and temporal characteristics. In Section III, we analyze the data to obtain such
physical parameters as electron temperature, source size, magnetic field strength,
and electron density, all as a function of time. Conclusions are presented in Section
IV.

II. A SIMPLE BURST

The flare occurred in NOAA region AR4711 on 1986 February 3, reaching
maximum at - 1804 UT. It was reported as SF/SN in Ha, C1.0 in soft X-
rays, and displayed two short lived Ha kernels. The event was observed
with the frequency-agile interferometer at the Owens Valley Radio Observatory
(OVRO), described by Hurford, Read, and Zirin (1984). Operating in its two-
element mode, with 27 m diameter antennas deployed on a xxx m east-west
baseline, interferometric observations were obtained at at 45 frequencies distributed
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approximately logarithmically between 1 and 18 GHz in both right and left circular
polarization. Since the frequency-agile system cycles rapidly (once every 10 seconds)
through the frequencies and polarizations the system functioned in effect as a
microwave spectrometer. Amplitudes were calibrated with respect to 3C84 which
in turn was calibrated with respect to 3C286.

Figure 1 shows the time profile of the burst at two frequencies near the
spectral peak. In this and following figures, crosses denote right hand (RH) circular
polarization and boxes denote left hand (LH) polarization. The burst has a simple
profile in time and circular polarization, being unpolarized below -.10 GHz and
highly RH circularly polarized above 10 GHz. The microwave burst was unusual in
that it was confined to high frequencies with a peak flux density of about 25 solar
flux units (SFU) at 13 GHz, while scarcely reaching 1 SFU at 5 GHz. The simple
temporal structure and short duration of the burst are characteristic of X-ray type
A bursts (Dennis 1988 and references therein). Although not observed in hard X-
rays, we shall see below that the burst fits other characteristics of type A bursts; it
is spatially compact, and is due to a thermal distribution of electrons.

Figure 2 shows burst spectra in total power at 6 representative times,
overplotted with thermal spectral fits for right- and left-hand circular polarization.
The fitting procedure is described in Stihll, Gary, and Hurford (1988), and is only
briefly outlined here. The least-squares procedure fits the functional form

Sf, = AvL'(1 - e- B -
b
)

where a corresponds to the low-frequency slope of the spectrum, and a - b
corresponds to the high-frequency slope. Two other measurable quantities, peak
flux and peak frequency, are combinations of the four fit parameters. Because the
low-frequency slope is close to that expected for a homogeneous thermal burst, we
fixed the low-frequency slope at +2, so that only three parameters are allowed to
vary; maximum flux, peak frequency, and high frequency slope. The right and left
circular polarizations were fit separately. As is evident from Figure 2, a thermal fit
is a very good approximation throughout the burst. A second spectral component
is apparent near 4.5 GHz, but is a minor constituent of the burst and will be ignored
in the following discussion.

Further evidence of the simple nature of the burst can be seen by examining
the correlated amplitude and phase from the OVRO interferometer. As discussed
by Gary and Hurford (1988), the relative visibility spectrum (the ratio of the fringe
amplitude to the total power as a function of frequency) is a convenient measure
of complexity. In addition, the relative visibility spectrum can be used as a very
sensitive measure of the (one-dimensional) size of the burst source. Figure 3 shows
relative visibility spectra at three times early in the burst. A single, Gaussian source
will have a relative visibility near unity at low frequencies, but at higher frequencies
the decreasing fringe spacing will cause the source to become increasingly over-
resolved. Thus, the relative visibility spectrum will have a well specified shape that
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depends only on the source size. As Figure 3 shows, the source for this burst had
a relative visibility spectrum consistent with a source -4.5 arcsec in size at 180340
UT (just before the maximum of the burst), increasing to about -,6 arcsec at the
maximum, and further increasing to -7.5 arcsec during the decay. Note that the
behavior seen in Figure 3 can be explained only if the source is a single, simple,
compact source. If the source size varied with frequency, the shape of the relative
visibility curves would be correspondingly different. (See Gary and Hurford (1988)
for some contrasting examples of the relative visibility of complex sources.)

Figure 4 shows a high resolution off-band Ha image obtained at Big Bear
Solar Observatory. Overlaid on the Ha image is a one-dimensional map made from
the OVRO data by employing the technique of frequency synthesis (Hurford and
Gary 1986; Gary and Hurford 1988). The map is based upon the relative visibility
spectrum and the interferometer phase data. The use of the relative visibility
spectrum is equivalent to normalizing (weighting) the fringe amplitude spectrum by
the total power spectrum. It is apparent that the source location determined from
the OVRO frequency synthesis map fits very well to the location of the Ha kernels.
Since such maps are most sensitive to the phase data, this provides independent
evidence that the burst is a simple, single source.

We conclude that the burst was an unusually simple, homogeneous, thermal
flare, probably of type A. In the next section, we apply the theory of thermal
gyrosynchrotron emission from a homogeneous source to determine the important
plasma and electron parameters.

III. PARAMETERS OF THE BURST

a) Source Size and Temperature
For thermal microwave emission, the electron temperature can be unambiguously
determined from the brightness temperature of the emission in the optically thick
portion of the spectrum. The brightness temperature, Tb, is related to the flux
density, S, by

Tb SC - 2.775 x 1100 Sf
-2 ar(d 2 /4)v HZ (1)

where k is Boltzmann's constant, all is the angular area of the source, c is the
speed of light, VGHZ is the observing frequency (GHz), Sfu is the flux density (solar
flux units), and d is the one-dimensional source size (arcsec). In the optically thick
portion of the spectrum, the electron temperature is just

Te = Tb (r >> 1) (2)

where r is the optical depth.

The one-dimensional source size, d, has been determined from the relative
visibility spectra, as in Figure 3, for each 10 s from 180330-180630 UT. Application
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of equations (1) and (2) then give the electron temperature as a function of time
under the assumption that the source has a gaussian cross-section of FWHM
diameter d. Of course, the source could have any size in the direction along the
fringes, but it is unlikely that the error is more than a factor of -2. Figure 5 shows
time profiles of the source size d and the electron temperature T during the main
part of the burst. From the figure, we see that the burst expanded steadily by
about a factor of 3 in its linear dimension, while the electron temperature was first
measured near 2.5 x 107 K, increased slightly to 7.1 x 107 K, and then decreased
steadily thereafter.

Although the burst was not observed in hard X-rays, soft X-ray data from the
GOES spacecraft are available. The plasma temperature and emission measure can
be determined from GOES data by following the procedure of Thomas, Starr, and
Crannell (1985); a comparison of the GOES and OVRO data is of interest. The
GOES temperature and emission measure for this event are plotted in Figure 6,
with the OVRO temperature from Figure 5 shown for comparison. Early in the
flare, the temperatures do not match; the GOES temperature never much exceeds
10' K, although GOES should be sensitive to temperatures up to ,-3 x 101 K. A
possible explanation is that the soft X-ray emission, which is a density weighted
quantity, is dominated by the large emission measure of relatively low temperature
plasma while the microwave emission, which depends only very weakly on density,
more closely follows the peak temperature. On this interpretation, the emission
measure of the high temperature (7 x 107 K) plasma seen in microwaves must be
at least an order of magnitude less than that at 10 7 K (i.e., <1046 cm-3), else it
would have been visible in soft X-rays.

After about 180540, when the the GOES emission measure has reached its
maximum and the cooling trend of the OVRO temperature has ended, the two
temperatures agree to within 30 percent. This is about the level of agreement
that might be expected, particularly when one considers the assumption of circular
symmetry in the OVRO estimate.

b) Magnetic Field Strength and Electron Density

For thermal gyrosynchrotron emission, the peak frequency, vpeak, of the radio
spectrum is determined primarily by the magnetic field strength, B, in the thermal
plasma, with a weaker dependence on dependence on angle of B to the line of sight,
0, and on the product of electron density, N, and line of sight depth, L, in the radio
source (see Dulk 1985). In determining B, the corrections for 0 and NL can be
made as follows. We determine the angle, 9, from the observed polarization whose
value of ,-50% in this case requires 0 > 800 for Te < 108 K (cf. Dulk 1985, Fig. 3f).
We adopt 0 = 850, but note that subsequent results are insensitive to the exact
value of 9 when 9 > 80.

Next, we can make use of the GOES data to remove the weak NL dependence
of Vpeak. From Figure 6 we see that the OVRO and GOES temperatures agree at
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about 180510 UT, when the GOES emission measure peaks. If we assume that the
GOES volume is the same as the OVRO source volume at this time, and further
assume that the OVRO volume is -,d3 , where d is the measure of source size shown
in Figure 5, then the GOES emission measure can be used to estimate the OVRO
column density NL Ex-l (3)

where EM is the GOES emission measure (cm- 3). With these assumptions, the
deduced value of NL at 180510 UT is -..3.7x 1019 cm - 2 , or, since L = d, N - 5x10' 0

cm- 3 . At this time, then, we have estimates for N, L, T, and 0, and can determine
B uniquely from the observed peak frequency, Vpeak. Unfoitunately, the simple
expression given by Dulk (1985) is not valid below Te = 10' K, and is not suitable
for following the time behavior of the peak frequency, to the accuracy required, 0s

the temperature falls to below 10' K. We determined the dependence of Vpeak on
these parameters from numerical calculations based on the formulation of Ramaty
(1969), using code kindly provided by G. A. Dulk. Figure 7 shows one result
of these calculations. Shown is the dependence of Vpeak on B for both x-mode
(solid, angled line) and o-mode (dashed, angled line), using the parameters known
at 180510 UT. Superimposed on the plot are the observed peak frequencies for the
two polarizations (vertical lines). Where these lines cross (dots), the indicated B
value is noted. The values obtained independently for the two polarizations agree
within about 5 percent. The average result of 770 G requires that the thermal
gyrosynchrotron emission occur at low harmonics of the gyrofrequency (5-6).

At other times, when the assumption of identical soft X-ray and radio volumes
cannot be verified, the microwave data alone cannot be used to determine N and
B separately. However, the numerical calculations mentioned above indicate how
1/peak depends on the combination of these parameters. We find that the allowed
combinations of B and N lie along different curves at different times, as shown
in Figure 8. Because Vpeak and Te decrease with time, the curves are displaced,
each lying to the upper right of the one before. The actual values of B and N are
constrained to lie on these curves at the corresponding times. The values of B and
N at 180510 UT are known, and marked with a dot on Figure 8. This provides an
additional constraint; the evolution of the values of B and N trace a path that must
pass through this point. If we assume that B is constant, then the evolutionary
path follows the arrow shown in the figure. In this case, the density must increase
by more than three orders of magnitude in -,rder to explain the observed slight shift
in Vpeak. The magnitude of the change in density can only be reduced if we allow
B to increase during the burst. If B decreases, the change in N will be even larger.

The picture that emerges, then, is that a thermal population of electrons is
accelerated in a compact (.-4 arcsec) source of rather high magnetic field strength
(--770 G). The electrons emit microwaves due to thermal gyrosynchrotron emission
at rather low harmonics of the gyrofrequency (-5-6). The source expands slowly
with time ('- 60 km s - '), and the temperature decreases while the density increases
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greatly, perhaps due to chromospheric evaporation (Bruner et al. 1988).

IV. DISCUSSION AND CONCLUSION

This demonstratively simple burst has given us a rare opportunity to apply the
theory of microwave emission from homogeneous sources in order to follow the
evolution of the burst. The spectral profile unambiguously indicates a thermal
origin. The detailed spectral shape and polarization structure expected from
thermal homogeneous sources is fully confirmed in this burst, without the need
for further absorption processes or unusual electron energy profiles, pitch angle
distributions, and the like. The parameters of the fits (corresponding to peak flux
and peak frequency) gave plausible values for plasma temperature as a function
of time, with the temperatures so obtained representing the peak temperature
of a multithermal plasma, as distinct from the more familiar emission-measure
sensitivity of soft X-rays. For the thermal plasma, the peak frequency of the
microwave spectra depend on a combination of B and NL. By combining GOES and
microwave spatial data we were able to eliminate the NL dependence and obtain
values of magnetic field in the thermal source that are consistent to 5 percent in the
two senses of circular polarization. The polarization of the microwave data gave the
orientation of this 770 G field to the line-of-sight. Frequency-synthesis using the
two-element data indicate a location for this single thermal source consistent with
overlying the Ha footpoints. In summary, conventional theoretical models can fit
this demonstratively simple burst very well, and the result of the fits give a plausible
set of plasma and field parameters.

Despite the successes of this application of the theory, we point out that
this study has several drawbacks. A major problem is the lack of knowledge
of the size of the source in the other dimension, parallel to the interferometer
fringes. This uncertainty causes a directly proportional uncertainty in the derived
temperature and may account for much of the 30 percent discrepancy between the
late-stage GOES and microwave temperature estimates. Furthermore, with present
instrumentation, the techniques used can only be applied with confidence to bursts
that are spatially and spectrally homogeneous. Such bursts tend to be relatively rare
and limited to small events. To apply these techniques to more typical flares, future
observations are needed that achieve better imaging capability while retaining high
spectral resolution.
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Figure Captions

Figure 1.
Time profiles of the burst at two frequencies near the spectral peak. In this and

other figures, crosses denote right hand (RH) circular polarization and boxes denote
left hand (LH) polarization. Note the simple temporal and polarization structure.
At 9.4 GHz (top panel), both senses of circular polarization are optically thick and
the fluxes agree. At the slightly higher frequency of 11.2 GHz (bottom panel), the
RH polarization remains optically thick, while LH has become optically thin.

Figure 2.
Log scale plots of total power spectra in RH and LH circular polarization, for

6 representative times during the burst. Superimposed on the observed spectra are
model fits assuming thermal gyrosynchrotron emission from a homogeneous source.
The fits are consistent with the data except for the presence of a separate, minor
spectral component below .-6 GHz.

Figure 3.
Plot of relative visibility as a function of frequency for three times near the

peak of the burst, overplotted with the expected form for sources of various sizes.
At higher frequencies, the smaller interferometer fringe spacing results in greater
over-resolution of the source, causing a drop in relative visibility. The amount
of over-resolution increases as the source size increases. The data show that the
(one-dimensional) size of the source increases steadily with time.

Figure 4.
High resolution Ha, -0.7 Aoff-band image taken at 180431 UT at Big Bear

Solar Observatory. Superimposed on the image are grid lines of solar longitude and
latitude, and an OVRO frequency synthesis (one-dimensional) map obtained from
data taken at 180410 UT. The OVRO data are consistent with a compact, single
source overlying the Ha footpoints. Unfortunately, no information is available on
the size of the source in the other dimension, along the fringes.

Figure 5.
Evolution of one-dimensional source size, d, determined as shown in Fig. 3,

and the derived temperature in RH and LH circular polarization, assuming that
the area of the radio source is rd 2/4. After 1806 UT, the decreasing flux made the
size determination unreliable.
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Figure 6.
Evolution of temperature and emission measure derived from GOES soft X-ray

data (solid lines) compared with the evolution of OVRO temperature from Fig. 5.
The two temperatures agree at about the time the GOES emission measure (EM)
peaks. This may be because the density weighted soft X-ray flux is dominated by
10' K plasma, while the OVRO flux is dominated by higher temperature material
with much smaller emission measure, as explained in the text.

Figure 7.
Dependence of the spectral peak frequency, Vpeak, on magnetic field strength

for both x-mode (solid, angled line) and o-mode (dashed, angled line), for the values
of N, L, and T determined at 180510 UT. The vertical lines represent the observed
values of Vpeak for RH (solid) and LH (dashed) circular polarization. The value of B
can be read directly from the vertical axis at the points where the solid and dashed
lines cross. The corresponding values of B agree to within about 40 G for the two
polarizations.

Figure 8.

Combination of values of B and N at various times, calculated from numerical
expressions based on Ramaty (1969), using the observed vpeak and deduced Te and
L. The curves are for each 10 s from 180340 to 180530 UT, except for the first two
curves, whose times are as indicated. The dot gives the known values of N and B
from Fig. 7 for 180510 UT. See text for details.
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